ABSTRACT Growth and reproduction are 2 economically important traits in the poultry industry. Janus kinase 2 (JAK) participates in the JAK2/signal transducer and activator of transcription 5 growth hormone signaling pathway, which plays important roles in the processes of growth and reproduction. The present study was designed to investigate the association of JAK2 SNP and haplotypes with growth as well as with reproductive traits in chickens. Fourteen JAK2 SNP were identified by pooled DNA sequencing, and 5 of these were genotyped for 768 Beijing You hens by using a matrix-assisted laser desorption/ionization-time of flight mass spectrometry assay. For 5 growth traits, BW at 17 wk of age was significantly associated with JAK2 C28109928T and A28135099G (P < 0.05). The 2 SNP were strongly related to BW at first egg, egg weight at first egg, and egg weight at 36 wk of age (P < 0.05). The SNP JAK2 C28122751T was found to be associated with BW at first egg and egg weight at 36 wk of age (P = 0.041 and P = 0.046, respectively), whereas JAK2 G28132240C was related to egg number at 40 wk of age (P < 0.01). Further haplotype analyses showed that 4 haplotypes checked in the population had no distinct influence on growth traits but were associated with 7 reproductive traits, namely, age at first egg; BW at first egg; egg weight at first egg; egg weight at 36 wk of age; and egg numbers at 32, 36, and 40 wk of age (P < 0.05). The results indicated that the JAK2 polymorphisms could be potential molecular markers to improve laying performance and growth traits in chickens.
INTRODUCTION
Growth and reproduction have great economic importance for chicken production. In animals, Janus kinase 2 (JAK2)/signal transducer and activator of transcription 5 (STAT5) growth hormone (GH) signaling pathway is widely recognized as being involved in the coordination of growth and reproduction (Miquet et al., 2005; Ou et al., 2009) . The activation of JAK2 in the pathway is mediated by GH and prolactin (PRL; Argetsinger et al., 1993; DaSilva et al., 1994; Bole-Feysot et al., 1998) . Growth hormone is considered the central regulator of postnatal growth in humans and animals, and it has roles in reproduction, such as in sexual differentiation, maturation, and fertility. Prolactin has many effects, including regulating lactation, reproduction, and cell growth in mammals and birds (El Halawani et al., 1984; Skwarło-Sońta, 1992; Goffin et al., 1998) . Growth hormone and PRL bind to GH receptor (GHR) and PRL receptor (PRLR) molecules, respectively, leading to the activation of JAK2 by transphosphorylation, which then phosphorylates the receptor and signaling mediators (Miquet et al., 2005) . The activated JAK2 forms high-affinity binding sites with STAT5. Next, STAT5 induces transcription of the genes encoding for insulin-like growth factors (IGF), IGF receptors (IGFR), and IGF binding proteins (IG-FBP; DaSilva et al., 1994) .
In the JAK2/STAT5 GH signaling pathway, the genetic effects of GH, GHR, PRL, PRLR, IGF, IGFR, and IGFBP polymorphisms on chicken growth, carcass, and reproduction traits have been studied by many research groups (Feng et al., 1997; Cui et al., 2006; Liang et al., 2006; Ouyang et al., 2008) . Our laboratory previously studied the IGF1, IGF2, IGFBP1, IGFBP3, and STAT5B genes in Beijing You chickens, a famous native chicken breed in China, and found that polymorphisms in these genes were strongly correlated with chicken growth traits, reproduction traits, or both (Ou et al., 2009; Tang et al., 2010) . However, the association of JAK2 gene polymorphisms with growth and reproductive traits has not been reported in chickens.
The objective of this study was to investigate SNP of the JAK2 gene and its genetic effects on growth and egg production traits in Beijing You chickens. The prospective application of the JAK2 polymorphisms in chicken molecular-assisted breeding is also discussed.
MATERIALS AND METHODS

Samples and Phenotypic Traits
The Beijing You chicken is a traditional Chinese native meat-type quality breed, quite valuable for its delicious meat and good egg quality, but with a slow growth rate and low egg yield. Divergent selection for BW at 17 wk of age, total egg numbers from the age at first egg (AFE) to 40 wk of age, and egg weight at 36 wk of age (EW36; high-and low-yield lines) was performed for 4 generations (G 0 to G 3 ). A total of 768 Beijing You hens from 2 selected lines (high-and low-yield lines) that were the third generation (G 2 ) and developed from 60 sires and 246 dams were used in the study. All the hens were from the same hatch and were fed at the National Centre for Poultry Performance Testing in Beijing under the same conditions. Five growth traits [BW at 7, 9, 11, 13 , and 17 wk of age] and 9 reproductive traits [BW at first egg (BWAFE); egg weight at first egg (EWAFE); AFE; total egg numbers at 24, 28, 32, 36, and 40 wk of age; and EW36] were measured for each bird. Body weight and egg weight were recorded in grams. All the blood samples were collected at 9 wk of age.
Identification and Genotyping of the Polymorphisms
Genomic DNA was extracted from blood samples by a TIANamp Blood DNA Kit (Tiangen Biotech Co. Ltd., Beijing, China; Ou et al., 2009) . A DNA pool (50 ng/μL per hen) was constructed from 30 chickens with no genetic relationships. Single nucleotide polymorphisms were identified by using 20 pairs of primers based on the known DNA sequence of chicken JAK2 (GenBank accession no. NC_006127.2). All the coding regions (exons 1 to 25) and their partial flanking intron sequences as well as the 5′ regulatory region at 2,000 bp upstream from the transcription initiation site were covered by the primers.
Polymerase chain reactions were performed in a total volume of 25 μL, which included 2 μL of pooled DNA, 5 mM of forward and reverse primer, 200 μM of each deoxynucleoside triphosphate, 2.5 μL of 10× PCR buffer, and 1.5 U of Taq DNA polymerase (Takara Biotechnology Co. Ltd., Dalian, China). The PCR reaction conditions were as follows: 95°C for 5 min, followed by 34 cycles of 94°C for 30 s, annealing from 50 to 60°C for 45 s, 72°C for 50 s, and a final extension at 72°C for 5 min. The PCR products were sequenced using an ABI3730xl DNA analyzer (Applied Biosystems, Foster City, CA). The discovery of SNP was conducted using Sequencher 
Statistical Analysis
The genotype frequencies of each SNP were calculated using Microsoft Excel (Microsoft Corp., Redmond, WA). The discovered SNP were used to reconstruct haplotypes. With the MIXED procedure of SAS version 9.1.3 (SAS Institute Inc., Cary, NC), the association of SNP and haplotypes with chicken growth traits was analyzed using the following model:
where Y is the dependent variable, µ is the overall mean, L is the fixed effect of line (high-and low-yield), S is the random effect of sire family, G is the fixed effect of the genotype or haplotype, and e is the random error. The analytical model for reproduction traits was as follows:
where Y, µ, L, S, G, and e are the same as in model 1. The variable BWAFE was considered a covariable, and b was a regression coefficient. The additive effects of SNP were calculated with the ESTIMATE procedure of SAS version 9.1.3. The data are presented as probability values and least squares means ± SEM, and a Pvalue of <0.05 was considered statistically significant.
RESULTS
SNP and Genotypes
Fourteen SNP in the chicken JAK2 gene were discovered in this study, of which 13 SNP were found within introns, 1 SNP (A28135099G) was located in exon 21, and no SNP was disclosed in the promoter region. Among the 14 SNP, 5 SNP, including the SNP in the exon, were genotyped for association analysis. Because the chicken JAK2 gene was located in the Z chromosome and only hens were analyzed in this study, 2 genotypes were observed for each SNP. The genotype frequencies of the 5 SNP are shown in Table 1 . Table 2 shows the associations of chicken growth traits with the 5 JAK2 SNP. The growth traits were not significantly correlated with the SNP (P > 0.05), except for BW at 17 wk of age, which was associated with JAK2 C28109928T and A28135099G (P = 0.0485 and P = 0.0401, respectively). For the egg production Means within a column without a common superscript differ significantly for each SNP (P < 0.05).
Associations and Effects of SNP
A,B
Means within a row without a common superscript differ significantly for each SNP (P < 0.01).
1 AFE = age at first egg; BWAFE = BW at first egg; EWAFE = egg weight at first egg; EW36 = egg weight at 36 wk of age; EN24 = egg number at 24 wk of age; EN28 = egg number at 28 wk of age; EN32 = egg number at 32 wk of age; EN36 = egg number at 36 wk of age; EN40 = egg number at 40 wk of age.
*P < 0.05; **P < 0.01. traits (Table 3) , JAK2 C28109928T and A28135099G were significantly associated with BWAFE, EWAFE, and EW36 (P < 0.05), and JAK2 C2812275T was associated with BWAFE and EW36 (P < 0.05). In addition, JAK2 G28132240C was associated with egg number at 40 wk of age (P-value = 0.0082). As expected, the additive genetic effects of the 5 SNP on growth and reproductive traits were consistent with the association results ( Table 4 ). The additive effects of both JAK2 C28109928T and A28135099G on BW at 17 wk of age, BWAFE, EWAFE, and EW36 were significant (P < 0.05). The C→T substitution at JAK2 C28109928T increased BW at 17 wk of age (11.55 ± 6.42 g) and BWAFE (27.31 ± 9.79 g), whereas the A→G substitution at JAK2 A28135099G decreased both traits (−11.58 ± 6.4 g and −27.3 ± 9.57 g, respectively). The trait BWAFE was significantly improved 18.04 ± 9.13 g (P < 0.05) by the T allele in the SNP JAK2 C28122751T compared with the C allele. Moreover, the additive effect of JAK2 G28132240C (G→C) significantly increased the trait egg number at 40 wk of age (3.04 ± 1.15; P < 0.01).
Haplotypes and Frequencies
Four haplotypes were revealed in 768 Beijing You hens (Table 5) . Of the 4, the individuals with haplotypes H1 (CCGGG), H3 (CTCTG), and H4 (TTGGA) were the most abundant (95.4%) in the population, whereas hens with haplotype H2 (CCCGG) constituted only 4.6%.
Associations and Effects of Haplotypes
Least squares means of the JAK2 haplotypes on chicken growth traits are shown in Table 6 ; the correlation between haplotypes and growth traits was not significant. In contrast, as listed in Table 7 , associations for egg production traits showed that the haplotypes were distinctly associated with BWAFE; EWAFE; EW36; and egg numbers at 32, 36, and 40 wk of age (P < 0.05), and with AFE and egg number at 28 wk of age (P = 0.0678 and P = 0.0526, respectively). Additionally, chickens with the H2 haplotype showed better laying performance than chickens with other haplotypes.
DISCUSSION
In this report, we characterized that the polymorphisms of the JAK2 gene in chickens. The JAK2 gene is well known to play an important role in signal transduction and to be mediated by GH and PRL (DaSilva et al., 1994) . The PRL gene and its receptor PRLR are 2 important candidate genes for improving egg production and are associated with brooding trait in chickens (Jiang et al., 2005; Cui et al., 2006) . Studies in the mouse have revealed that JAK2 knockout mice exhibit an embryonic-lethal phenotype (Neubauer et al., 1998; Parganas et al., 1998) . The JAK2 V617F mutation in humans and its association with hematological diseases have been studied widely (Hussein et al., 2007; Larsen et al., 2007; Veneri et al., 2009 ). Here, we found a strong relationship between JAK2 polymorphisms and egg performance as well as growth traits in chickens. These results support the pivotal transduction roles of 27.31 ± 9.79* 18.04 ± 9.03* 8.95 ± 11.56 −9.95 ± 13.53 −27.30 ± 9.57* EWAFE ( 1 BW7 = BW at 7 wk of age; BW9 = BW at 9 wk of age; BW11 = BW at 11 wk of age; BW13 = BW at 13 wk of age; BW17 = BW at 17 wk of age; AFE = age at first egg; BWAFE = BW at first egg; EWAFE = egg weight at first egg; EW36 = egg weight at 36 wk of age; EN24 = egg number at 24 wk of age; EN28 = egg number at 28 wk of age; EN32 = egg number at 32 wk of age; EN36 = egg number at 36 wk of age; EN40 = egg number at 40 wk of age. *P < 0.05; **P < 0.01. Five SNP identified in chicken JAK2 were genotyped, and their associations with growth and reproductive traits in the Beijing You chicken were analyzed. Analysis of the association and additive effect of single SNP showed that JAK2 C28109928T and A28135099G were strongly correlated with BW at 17 wk of age, EWAFE, BWAFE, and EW36, and that JAK2 C28122751T was significantly associated with EWAFE and EW36. Because BW at 17 wk of age is the standard market BW for Beijing You chickens, and BWAFE and EWAFE serve as integrated traits for chicken growth and egg production, our findings suggest that the JAK2 SNP may be potential molecular markers for improving growth and reproductive traits simultaneously in the chicken breeding scheme. For the JAK2 SNP to be used effectively in molecular MAS of chickens, it is necessary to analyze the genetic effects of JAK2 polymorphisms further in different chicken breeds and populations from various genetic backgrounds.
Compared with single SNP analyses, haplotype analyses provide better statistical power (Cardon and Abecasis, 2003; Hagenblad et al., 2004; Nothnagel and Rohde, 2005) . The haplotype analysis used in this study revealed that the 4 haplotypes were significantly associated with almost all the egg production traits except egg numbers at 24 and 28 wk of age, specifically, AFE, BWAFE, EW36, EN32, egg numbers at 36 and 40 wk of age, and EWAFE. In addition, the H2 haplotype individuals showed better egg-laying performance than those with the other haplotypes. However, the frequency of the H2 haplotype was the lowest (0.046) in Beijing You chickens. Because this chicken is well known for its meat quality, consumers prefer heavier chickens, which has resulted in selection for growth. Hence, the birds with heavier BW are often selected for breeding, whereas the individuals with lighter BW are usually eliminated. Although the association of the H2 haplotype with BW7, BW9, BW11, and BW13 did not reach significance (P < 0.05), we observed a trend for the H2 haplotype to decrease BW at the earlier stages of growth. Hence, the low frequency of the H2 haplotype may be due to its effect in reducing the growth rate such that it was indirectly selected out during breeding. To increase egg performance in Beijing You chickens, a line with higher egg production could be constructed by choosing chickens with the H2 haplotype as breeders for the next generation.
Our results imply that the exons and 5′ regulatory region of the chicken JAK2 gene were conservative and that the mutations occurred predominantly in the introns. Regarding the function of mutations in the introns, Fedorova and Fedorov (2003) suggested that the SNP exert their roles during pre-or posttranscription by provide noncoding RNA or characterized sites for alternative splicing.
Previous research has revealed QTL affecting growth, carcass, and reproductive traits in chromosome Z of the chicken (Abasht et al., 2006) . Other research (Zhou et al., 2006) has reported a QTL affecting chicken breast muscle weight at 16 cM of chromosome Z (CI 16 to 19 cM), which is very close to the location of the JAK2 gene (16.6 cM). However, the correlation between the associated growth traits in this study and breast muscle weight in Beijing You chickens needs to be defined further.
In summary, the measurement of chicken market BW and laying performance in the late stage of growth is laborious and expensive when using traditional selection methods. Therefore, molecular MAS in the early stage may be effective for genetic improvement of these traits in chickens. The significant associations of the chicken JAK2 gene with BW at 17 wk of age, BWAFE, EWAFE, EW36, and egg number at 40 wk of age imply that the JAK2 gene could be a powerful candidate gene or could be linked to a major gene that affects egg production and growth traits in chickens. Means within a column without a common superscript differ significantly (P < 0.05).
A,B
Means within a column without a common superscript differ significantly (P < 0.01).
*P < 0.05.
